Background-To support the clinical distinction between systolic heart failure (SHF) and diastolic heart failure (DHF), left ventricular (LV) myocardial structure and function were compared in LV endomyocardial biopsy samples of patients with systolic and diastolic heart failure. Methods and Results-Patients hospitalized for worsening heart failure were classified as having SHF (nϭ22; LV ejection fraction (EF) 34Ϯ2%) or DHF (nϭ22; LVEF 62Ϯ2%). No patient had coronary artery disease or biopsy evidence of infiltrative or inflammatory myocardial disease. More DHF patients had a history of arterial hypertension and were obese. Biopsy samples were analyzed with histomorphometry and electron microscopy. Single cardiomyocytes were isolated from the samples, stretched to a sarcomere length of 2.2 m to measure passive force (F passive ), and activated with calcium-containing solutions to measure total force. Cardiomyocyte diameter was higher in DHF (20.3Ϯ0.6 versus 15.1Ϯ0.4 m, PϽ0.001), but collagen volume fraction was equally elevated. Myofibrillar density was lower in SHF (36Ϯ2% versus 46Ϯ2%, PϽ0.001). Cardiomyocytes of DHF patients had higher F passive (7.1Ϯ0.6 versus 5.3Ϯ0.3 kN/m 2 ; PϽ0.01), but their total force was comparable. After administration of protein kinase A to the cardiomyocytes, the drop in F passive was larger (PϽ0.01) in DHF than in SHF. Conclusions-LV myocardial structure and function differ in SHF and DHF because of distinct cardiomyocyte abnormalities. These findings support the clinical separation of heart failure patients into SHF and DHF phenotypes.
D
espite an increasing awareness that heart failure (HF) can occur in the presence of a normal left ventricular (LV) ejection fraction (EF), 1,2 it remains uncertain whether HF with normal LVEF and with reduced LVEF are indeed distinct HF phenotypes. 3, 4 Although global LV systolic performance is preserved, 5 HF patients with normal LVEF have reduced LV long-axis shortening, 6 depressed tissue Doppler myocardial systolic velocity, 7 and deranged ventriculoarterial coupling. 8 Furthermore, HF with normal LVEF is frequently referred to as diastolic heart failure (DHF) because of the presence of diastolic LV dysfunction evident from slow LV relaxation and high LV stiffness. 9 Diastolic LV dysfunction, however, is not unique to patients with DHF but also occurs in HF patients with reduced LVEF, or systolic heart failure (SHF), in whom it correlates better with symptoms than LVEF. 10 Because hemodynamic features apparently fail to identify SHF and DHF as distinct HF phenotypes, a comparative
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analysis of the structure and function of LV myocardium procured from both types of HF was proposed recently. 11, 12 The present study performed this analysis by investigating LV endomyocardial biopsy samples from SHF and DHF patients. Histological structure and contractile function of the biopsy samples were compared with histomorphometry, transmission electron microscopy, and force measurements of single cardiomyocytes.
Methods Patients
Fifty-eight patients hospitalized for worsening HF were referred for cardiac catheterization and LV endomyocardial biopsy procurement because of suspicion of infiltrative or inflammatory myocardial disease. Coronary angiography showed significant (Ͼ50%) coronary stenoses in 10 patients, and histological analysis of the biopsy samples revealed myocardial infiltration or inflammation in 4 patients. These 14 patients were excluded from the study.
The remaining 44 patients were classified as SHF (nϭ22) if LVEF was Ͻ45% and as DHF (nϭ22) if they satisfied the "European Study Group on DHF" criteria, ie, signs and symptoms of congestive HF, LVEF Ͼ45%, and an LV end-diastolic pressure (LVEDP) Ͼ16 mm Hg. 13 All DHF patients also satisfied criteria for definite DHF. 14 Hemodynamic data were derived from LV angiograms, high-fidelity LV pressure catheters, and thermodilution cardiac outputs. They included LV peak systolic pressure (LVPSP), LVEDP, LV end-diastolic volume index (LVEDVI angio ), LVEF, cardiac index (CI), LV dP/dt max , LV dP/dt min , and the time constant of LV relaxation (; Table) . Doppler echocardiographic data (Table) included LVEDVI echo , mitral early velocity (E), mitral atrial velocity (A), E/A ratio, deceleration time, and LV wall thickness. LVEDVI echo correlated with LVEDVI angio (rϭ0.44; Pϭ0.009). Hemodynamic and echocardiographic data were combined for LV mass index (LVMI), LVMI/LVEDVI ratio, and myocardial stiffness modulus (Table).  The Table compares 
Quantitative Histomorphometry: Electron Microscopy
Endomyocardial biopsy samples were fixed in 2% (vol/vol) glutaraldehyde for 30 minutes and 1.5% (wt/vol) osmium tetroxide for 10 minutes, dehydrated with acetone, and embedded in Epon812. Ultrathin sections were collected on 300-mesh Formavar-coated nickel grids. The sections were contrasted with uranyl acetate and lead citrate and were examined in a Jeol-1200EX electron microscope. Quantitative analysis was performed with the abovementioned automated image analyzer. Cardiomyocyte myofibrillar density, number of mitochondria, and capillary basement membrane thickness were determined. Myofibrillar density was calculated as the sum of myofibrillar areas related to total cellular area in 4 to 6 representative myocytes, and capillary basement membrane thickness was averaged over 6 measurements.
Force Measurements in Isolated Cardiomyocytes
Force measurements were performed in single, mechanically isolated cardiomyocytes as described previously. 17, 18 Biopsy samples (5 mg wet weight) were defrosted in relaxing solution (in mmol/L: free Mg 1, KCl 100, EGTA 2, Mg-ATP 4, and imidazole 10; pH 7.0), mechanically disrupted, and incubated for 5 minutes in relaxing solution supplemented with 0.2% Triton X-100 to remove all membrane structures. In addition, cells were washed twice in relaxing solution, after which single cardiomyocytes were attached with silicone adhesive between a force transducer and a piezoelectric motor. Sarcomere length of isolated cardiomyocytes was adjusted to 2.2 m, and myocytes were subjected to both relaxing and activating solutions. Their pCa(Ϫ 10 log[Ca 2ϩ ]) ranged from 9.0 (relaxing) to 4.5 (maximal activation), which was used to calculate maximal calciumactivated isometric force. All force values were normalized for myocyte cross-sectional area. Exposure to a series of solutions with intermediate pCa yielded the baseline force-pCa relation. On transfer of the myocyte from relaxing to activating solution, isometric force started to develop. Once a steady state force level was reached, the cell was shortened within 1 ms to 80% of its original length (slack test) to determine the baseline of the force transducer. The distance between the baseline and the steady force level is the total force (F total ). After 20 ms, the cell was restretched and returned to the relaxing solution, in which a second slack test of 10-seconds' duration was performed to determine passive force (F passive ). After the baseline force-pCa relation was established, myocytes were incubated for 40 minutes in relaxing solution supplemented with the catalytic subunit of protein kinase A (PKA, 100 U/mL; Sigma, batch 12K7495, Sigma-Aldrich, St Louis, Mo) and 6 mmol/L dithiothreitol (MP Biochemicals, Eschwegh, Germany). Subsequently, a second force-pCa relation was determined. pCa 50 
Titin Isoform Gel Electrophoresis
Titin isoform gel electrophoresis was performed on myocardial samples (nϭ4) of DHF patients and on myocardial samples (nϭ5) of SHF patients. Endomyocardial biopsy samples of either DHF or SHF patients needed to be pooled to provide sufficient tissue to perform the titin isoform gel electrophoresis. Because no previous study had determined titin isoforms on LV myocardial biopsy samples, the assay was validated by the repetition of titin isoform gel electrophoresis on LV myocardium of explanted dilated cardiomyopathic hearts (nϭ3), which have been studied previously. 19, 20 The N2BA/ N2B titin isoform ratio observed in the explanted myocardium (39/61) was similar to previously reported values (42/58) 19 and higher than previously reported values of normal human myocardium (30/70). 21 Tissue samples were homogenized in 50 to 100 L of Tris-SDS buffer (pH 6.8) containing 8 g/mL leupeptin (PeptideInstitute, Osaka, Japan). Titin isoforms were separated on agarosestrengthened 2% SDS-polyacrylamide gels and stained with Coomassie brilliant blue. Gels were digitized, and the optical volume of protein bands was determined with Total Laboratory software (Phoretix, Nonlinear Dynamics, Newcastle upon Tyne, UK).
Data Analysis
The time constant of LV relaxation () was derived from an exponential curve fit with zero-asymptote pressure to the pressure data points of isovolumic LV relaxation. To assess LV myocardial material properties, a radial myocardial stiffness modulus was calculated. 16, 17, 22 Agreement between myocardial stiffness modulus and diastolic LV stiffness indices derived from multiple beat analyses during caval occlusion was previously established in SHF patients. 22 Values are given as meanϮSEM. A 2-tailed test with a probability value Ͻ0.05 was considered significant. SHF and DHF groups were compared by an unpaired t test. Effects of CVF and PKA in SHF and DHF were analyzed respectively by 2-factor ANOVA and by 2-factor repeated-measures ANOVA. Bonferroni-adjusted t tests served as subsequent multicomparison tests. The significance for categorical data were determined by the 2 test. Relations between 2 continuous variables were assessed with linear regression analysis. Statistical analysis was performed with SPSS (version 9.0; SPSS Inc, Chicago, Ill).
The authors had full access to the data and take full responsibility for its integrity. All authors have read and agree to the manuscript as written.
Results

Clinical and Hemodynamic Characteristics
More DHF patients had a history of arterial hypertension and were obese (body mass index Ͼ30 kg/m 2 ; Table) . Use of medications was similar in both patient groups. LVPSP, LVEF, CI, LVdP/dt max , LVdP/dt min , deceleration time, and myocardial stiffness modulus were higher in DHF patients. In both SHF and DHF, LVMI was higher than in the control population. In SHF patients, the elevated LVMI was compensatory to preserve LV wall thickness at the larger LVEDVI (eccentric LV hypertrophy). In DHF patients, the elevated LVMI resulted in significant increases in LV wall thickness and in LVMI/LVEDVI ratio (concentric LV hypertrophy).
Quantitative Histomorphometry of LV Myocardium
MyD was significantly larger in DHF (20.3Ϯ0.6 m) than in SHF patients (15.1Ϯ0.4 m; PϽ0.001; Figure 1A ). CVF was equally elevated in SHF (14.4Ϯ1.5%) and DHF (12.2Ϯ1.4%; Figure 1B ). At each level of CVF, MyD was larger in DHF ( Figure 1C) . As CVF rose, MyD increased linearly in both SHF (rϭ0.58, Pϭ0.005) and DHF (rϭ0.67, Pϭ0.001; Figure 1C) .
The relation between MyD and CVF is further illustrated in Figure 2 , which used mean CVF to divide SHF and DHF patients into low (Ͻmean) or high (Ͼmean) CVF groups. Representative histological examples of SHF with low CVF, SHF with high CVF, DHF with low CVF, and DHF with high CVF are depicted in Figure 2A . In both DHF and SHF, the largest MyD is observed at high CVF ( Figure 2B ). In both low and high CVF, the largest MyD is observed in DHF ( Figure 2B ). Myofibrillar density was significantly lower in SHF (36Ϯ2%) than in DHF (46Ϯ2%; PϽ0.001; Figure 3A ). Myofibrillar loss in SHF is illustrated in Figure 3B . The number of mitochondria per micrometer squared and capillary basement membrane thickness were comparable in SHF and DHF.
Force Measurements of Single Cardiomyocytes
When single cardiomyocytes were stretched to a sarcomere length of 2.2 m, F passive was higher in DHF (7.1Ϯ0.6 kN/m 2 ) than in SHF (5.3Ϯ0.3 kN/m 2 ; PϽ0.01; Figure 4A ). F total at Figure 4D ) and with LVEDP (rϭ0.52, Pϭ0.001) in DHF patients. These correlations were absent in SHF. After PKA treatment, the drop in F passive was larger (PϽ0.01) in DHF than in SHF because F passive fell to a similarly low level in SHF (3.2Ϯ0.2 kN/m 2 ) and DHF (3.7Ϯ0.3 kN/m 2 ; Figure 4A ). F total at maximal activation failed to change after PKA in either group ( Figure 4B) . pCa 50 fell significantly in both groups ( Figure 4C ). The effect of PKA treatment on the average force-pCa relations of pooled cardiomyocytes of SHF and DHF patient groups is shown in the Figure of the online-only Data Supplement (panels B and C). To explain the higher F passive of DHF cardiomyocytes, titin isoform separation was performed on pooled endomyocardial biopsy material ( Figure  4E ). The titin N2BA/N2B ratio of DHF myocardium (17/83; SEM of the ratio 0.02) was lower (PϽ0.05) than that of SHF myocardium (35/65; SEM of the ratio 0.13).
Discussion
A comparative analysis of LV myocardium in SHF and DHF revealed the following: (1) MyD is larger in DHF, but CVF is similar. (2) At each level of CVF, MyD is larger in DHF, but MyD increases similarly in both SHF and DHF as fibrosis 2) and of DHF myocardium (lanes 3 and 4) and as a molecular weight marker, also of rabbit soleus muscle (lane 5), which expresses the 3600-kDa N2A isoform.
progresses. (3) Myofibrillar density is lower in SHF. (4)
F passive of single cardiomyocytes is higher in DHF, and after administration of PKA to the cardiomyocytes, the drop in F passive is larger in DHF. (5) Calcium sensitivity of single cardiomyocytes is higher in DHF, but F total at maximal activation is similar.
Cardiomyocyte Hypertrophy
The present study provides histological evidence of considerable cardiomyocyte hypertrophy in DHF. LV hypertrophy had already been reported in DHF 17, [23] [24] [25] and was confirmed in the present study by the higher than normal LVMI. LV hypertrophy in DHF became especially evident when LVEDVI was accounted for by expressing LV hypertrophy as an LVMI/LVEDVI ratio. 23, 24 A higher than normal LVMI was also observed in SHF, but in contrast to DHF, it only resulted in a minor increase in MyD as it was compensatory to normalize LV wall thickness in a dilated LV. The considerable increase of MyD in DHF and the minor increase of MyD in SHF resemble the previously reported cardiomyocyte remodeling in concentric and eccentric human or animal LV hypertrophy. 26 In concentric LV hypertrophy, cardiomyocytes grow in a transverse direction while keeping cell length constant, whereas in eccentric hypertrophy, cardiomyocytes grow proportionally in longitudinal and transverse directions. This difference in cardiomyocyte remodeling correlates with distinct patterns of peptide growth factor induction in both conditions. 27 The increase of MyD in SHF was accompanied by collagen deposition ( Figure 2B ). In DHF, collagen deposition was associated with a similar additional increase in MyD ( Figure  2B ). Because collagen deposition and myocyte hypertrophy development were present in both SHF and DHF, use of ACE inhibitors, angiotensin II receptor blockers, and aldosterone antagonists, which oppose myocardial fibrosis and maladaptive hypertrophy, appears justified in both HF phenotypes. Indeed, the CHARM trial (Candesartan in Heart FailureAssessment of Reduction in Mortality and Morbidity) using the angiotensin II receptor blocker candesartan reported beneficial effects not only in SHF but also in DHF. 28 At each level of CVF, MyD of DHF patients exceeded MyD of SHF patients ( Figure 1C ). This excess cardiomyocyte hypertrophy in DHF probably related to a history of arterial hypertension, which was present in 73% of DHF patients and only in 13% of SHF patients. Arterial hypertension in DHF patients was also evident at cardiac catheterization from their high LVPSP (172Ϯ7 mm Hg). The importance of arterial hypertension for the development of DHF was recently demonstrated in the first DHF large-animal model, in which arterial hypertension was created in old dogs by wrapping of both kidneys. 29 Sixty percent of the DHF patients in the present study had diabetes mellitus, and 50% were obese. In experimental models of diabetes mellitus and insulin resistance, development of cardiac hypertrophy has also been reported. 30, 31 Higher F passive in DHF When single cardiomyocytes of DHF patients were stretched to a sarcomere length of 2.2 m, F passive was 34% higher than in cardiomyocytes of SHF patients. Higher F passive of cardiomyocytes can result from altered calcium handling or from modified myofilamentary and cytoskeletal proteins. Because the cardiomyocytes were incubated in Triton X-100 before the experiments, the integrity of sarcolemmal and sarcoplasmic membranes was disrupted. Altered calcium handling was therefore excluded as a cause of the higher F passive . In a previous study, no changes in myofilamentary protein expression or phosphorylation were found in endomyocardial biopsy samples of DHF patients. 17 The higher F passive is therefore also unrelated to myofilamentary proteins and must be attributed to altered expression or phosphorylation of cytoskeletal proteins. Because PKA corrected F passive , the cytoskeletal protein involved must have phosphorylation sites. Titin has phosphorylation sites, and its phosphorylation by PKA lowers F passive in isolated cardiac muscle strips, especially when the stiff isoform of titin (N2B) is overexpressed. 32, 33 The present study observed a higher expression of the stiff N2B titin isoform in pooled endomyocardial biopsy samples of DHF patients. If future studies can confirm this titin isoform shift in myocardial samples of individual DHF patients, the higher F passive observed in cardiomyocytes of DHF patients could be attributed to this titin isoform shift. Furthermore, the fall in F passive after PKA was larger in DHF than in SHF ( Figure 4A ). This larger fall after PKA was also consistent with the higher N2B expression in the pooled endomyocardial biopsy samples of DHF patients. A similar shift in titin isoform expression from the compliant N2BA to the stiff N2B isoform was previously reported in experimental hypertensive myocardium. 34 It remains to be investigated whether lower baseline phosphorylation of titin contributed to the higher F passive in DHF.
Cardiomyocyte F passive of DHF patients correlated with LVEDP and with myocardial stiffness modulus in both the present and a previous study. 17 Because PKA corrected the high F passive ( Figure 4A ), raising myocardial PKA activity by ␤-adrenoceptor stimulation could improve LV diastolic function in DHF. Improved diastolic LV function during administration of isoproterenol has indeed been demonstrated in patients with hypertrophic cardiomyopathy, 35 who frequently have DHF. At present, it is unclear whether only PKA can phosphorylate titin or whether protein kinase C and protein kinase G are also effective. Protein kinase G is especially of interest, because myocardial activity of PKG can be increased by nitric oxide and by phosphodiesterase 5A-inhibitors. Nitric oxide is known to improve diastolic LV function in normal, hypertrophied, and failing hearts, 36 and sildenafil has recently been shown to favorably modify cardiac hypertrophy. 37 DHF patients had 20% higher myofilamentary density than SHF patients. This higher myofilamentary density could have contributed to the higher F passive in DHF. Reduction by PKA of F passive to a similar level in DHF and SHF, however, argues against higher myofilamentary density accounting for the higher F passive in DHF. The lower myofilamentary density in SHF could have resulted from myofilamentary breakdown, as occurs in coxsackie myocarditis, 38 or from reduced myofilamentary synthesis, as occurs in alcoholic cardiomyopathy. 39 Although myofilamentary density was lower in SHF, cardiomyocytes had comparable F total at maximal activation, possi- 
Study Limitations
The origin of DHF is diverse, including coronary artery disease, arterial hypertension, hypertrophic cardiomyopathy, and infiltrative cardiomyopathy. 13 Because patients with coronary artery disease and infiltrative cardiomyopathy were excluded, LV pressure overload induced by arterial hypertension became the most prevalent cause of DHF in the present study. Because of this patient selection and because of the limited size of the patient groups, caution is needed before the current observations are extrapolated to the HF population at large. Because cardiomyocytes were incubated before the experiments with 0.2% Triton X-100, the integrity of sarcolemmal and sarcoplasmic membranes was disrupted, and cardiomyocytes became dependent on externally supplied calcium for force development. Under these conditions, an effect of disturbed Ca 2ϩ handling or of cytosolic Ca 2ϩ overload on F passive or F total could not be studied.
Assessment of myocardial structure and function was performed on a limited number of LV biopsy samples and could have overlooked LV myocardial tissue heterogeneity. The extent of LV myocardial tissue heterogeneity was previously addressed in explanted hearts 18 and in surgically procured biopsy samples. 40 In those studies, the variability of force measurements in cardiomyocytes isolated from different portions of the heart was always Յ5%. Variability of the titin N2BA/N2B ratios was also Յ5% when myocardial samples procured from different locations within the LV were compared. 41 The present study observed a shift from the compliant N2BA to the stiff N2B titin isoform in pooled endomyocardial biopsy samples of DHF patients. Biopsy samples needed to be pooled to provide sufficient tissue for the titin isoform gel electrophoresis. Before the higher F passive observed in cardiomyocytes of DHF patients is attributed to this titin isoform shift, the shift must be confirmed in myocardial samples of individual DHF patients.
Characterization of the extracellular matrix in both types of HF was limited to measurement of CVF and did not include eventual shifts in collagen isotypes and cross-linking. Because half of the DHF patients had diabetes mellitus, collagen cross-links formed by advanced-glycation end products 42 could also have contributed to the high myocardial stiffness observed in this group.
Conclusions
The present study observes the LV myocardium in SHF and DHF to differ in both cellular architecture and function and suggests SHF and DHF to be associated with phenotypically distinct cardiomyocyte abnormalities. These differences support the clinical discrimination of HF patients into SHF and DHF groups.
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